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Sesquiterpene Cyclizations inside the Hexameric Resorcinarene 
Capsule: Total Synthesis of δ-Selinene and Mechanistic Studies 
Qi Zhang,[a] and Konrad Tiefenbacher*[b] 
Abstract: The synthesis of terpene natural products remains a 
challenging task due to the enormous structural diversity in this class 
of compounds. Synthetic catalysts are unable to reproduce the tail-to-
head terpene cyclization of cyclase enzymes, which creates this 
diversity from just a few simple linear terpene substrates. Recently, 
supramolecular structures emerged as promising enzyme mimetics. 
In the present study, the hexameric resorcinarene capsule was 
utilized as an artificial cyclase to catalyze the cyclization of 
sesquiterpenes. With the cyclization reaction as the key step, the first 
total synthesis of the sesquiterpene natural product δ-selinene was 
achieved. This represents the first total synthesis of a sesquiterpene 
natural product that is based on the cyclization of a linear terpene 
precursor inside a supramolecular catalyst. To elucidate the reaction 
mechanism, detailed kinetic studies and kinetic isotope 
measurements were performed. Surprisingly, the obtained kinetic 
data indicated that a rate-limiting encapsulation step is operational in 
the cyclization of sesquiterpenes. 
Introduction 
The synthesis of terpene natural products continues to be a 
worthwhile endeavour due to their biological functions, medicinal 
applications, and structural complexity.[1] To more efficiently 
access these compounds, their biosyntheses[2] serve as an 
important inspiration for chemists. In nature, farnesyl 
pyrophosphate (1, Scheme 1a) serves as the direct precursor for 
the whole variety of cyclic sesquiterpene natural products. Two 
classes of enzymes convert the acyclic precursors: type I and type 
II cyclases. The cyclization reaction catalyzed by the type II 
enzymes has already been successfully mimicked to some 
degree in solution and applied in synthesis.[3] This type of 
cyclization reaction is initiated at the prenyl moiety of the substrate 
(“head” part, Scheme 1a), usually via protonation. The resulting 
positive charge then propagates to the “tail” part to form 
compounds featuring decalin-skeletons in the case of 
sesquiterpenes (for instance drimenol 3[4]). 
Despite the success achieved in the head-to-tail[5] terpene 
cyclization with synthetic catalysts, a general synthetic 
methodology to access the structurally more diverse terpene 
natural products produced by type I terpene cyclase enzymes is 
still lacking. One main challenge concerns the numerous reaction 
pathways of the reactive cationic intermediates involved in the so-
called tail-to-head[5] terpene cyclization. The allylic cation 4 
(Scheme 1b), formed via the cleavage of the leaving group at the 
tail end of the molecule, is already able to undergo a variety of 
different cyclization reactions. The same holds true for 
subsequently formed cationic intermediates. Natural enzymes 
stabilize these reactive cationic intermediates via precisely 
positioned residues, employing stabilizing coulombic, cation-
dipole and cation-π interactions.[2, 6] In solution, due to the lack of 
stabilization, the cationic intermediates are usually prematurely 
quenched by the cleaved leaving group and/or solvent molecules 
via elimination or substitution reactions, resulting mainly in acyclic 
or monocyclic structures.[7] The Shenvi group tried to circumvent 
this issue by employing a modified epoxide-containing substrate 
capable of covalently linking the leaving group to the substrate 
after activation.[5] As a result, after activation with stoichiometric 
amounts of aluminum Lewis acids, the free propagation of the 
positive charge enabled a non-stop[8] cyclization cascade, 
delivering the strained sesquiterpene natural product funebrene 
as the main product.[5] Although this result certainly constitutes a 
breakthrough in tail-to-head terpene cyclizations in solution, 
several challenges remain: (1) The use of readily available 
farnesol instead of a heavily modified substrate would streamline 
access to sesquiterpenes. (2) A catalytic cyclization reaction is 
desirable. 
Recently, supramolecular structures emerged as a promising 
tool to reproduce the tail-to-head terpene cyclization.[9] Similar to 
natural enzymes, guest molecules bind inside the cavity of these 
structures. In several systems, the driving force for the guest 
encapsulation is provided by the cation-π stabilization.[10] These 
properties render supramolecular structures potential enzyme 
mimetics. In the last decades, several examples of catalysis 
inside supramolecular containers have been reported.[10-11] 
Among them, a tetrahedral supramolecular cage based on metal-
ligand interaction, reported by the Raymond group,[12] represents 
one of the most intensively investigated systems. Notably, a 
Prins-cyclization reaction using a monoterpene-like substrate was 
achieved by utilizing the metal-ligand cage as the catalyst.[13] 
Our group[9, 14] and other groups[15] applied the hexameric 
resorcinarene capsule I (Figure 1), originally reported by the 
Atwood group,[16] as supramolecular catalyst. Driven by the 
formation of multiple intermolecular hydrogen bonds, capsule I 
self-assembles from six resorcinarene subunits 7 and eight water  
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Scheme 1. Biosynthesis of sesquiterpene natural products. (a) The cyclization reactions catalyzed by the type II cyclases lead to 
products featuring the decalin skeletons. (b) The type I cyclase enzymes produce a much broader variety of cyclization products via 
branch points in the cyclization pathways. 
molecules in apolar solvents.[17] Due to its ready availability and 
facile guest uptake, capsule I continues to inspire novel studies.[18] 
Capitalizing on its ability of stabilizing cationic guests, capsule I 
was successfully used to catalyze the tail-to-head terpene 
cyclization[9] as well as a series of other reactions involving 
cationic intermediates.[14] We found that an acid cocatalyst was 
required to activate the terpene substrate.[9b] In several other 
cases, the intrinsic acidity of the capsule is sufficient to initiate the 
reaction.[14g] In the initial report, a selective cyclization reaction 
was achieved using the monoterpene geranyl acetate as the 
substrate. We later expanded our investigations to 
sesquiterpenes.[9c] Due to the higher flexibility of the farnesyl 
substrates, control over the product selectivity is more challenging. 
The cyclization of less flexible sesquiterpene substrate 
derivatives, containing a six membered ring, was one way to 
circumvent the selectivity issue. Utilizing this strategy, the 
sesquiterpene natural products isolongifolene/isolongifolenone 
were obtained in a relatively selective fashion. Herein, we report 
our detailed studies on sesquiterpene cyclizations, comprising the 
optimization of reaction conditions, detailed kinetic studies of 
seven substrates, the exploration of secondary kinetic isotope 
effects, as well as the exploration of the influence of a bulkier 
solvent on the reaction kinetics. As results, the first total synthesis 
of δ-selinene and the identification of the rate-limiting step for 
sesquiterpene cyclizations inside capsule I were obtained. 
 
Figure 1. Structure of the hexameric resorcinarene capsule. 
Results and Discussion 
At the outset of our investigation, the cyclization reaction of the 
commercially available (2E,6E)-farnesol (FOH, see Table 1 for 
structure) was tested under the optimal conditions established for 
monoterpene cyclization (10 mol% I, 3 mol% HCl). Complete 
conversion of the substrate was reached after 4d as indicated by 
GC (SI-Figure 1). Based on 1H and 13C NMR comparison, 
supported by GC-MS database analysis, the major cyclization 
products were identified to be α-cedrene (A), δ-selinene (B), 2-
epi-α-cedrene (C), ε-patchoulene (D) and 10-epi-zonarene (E) 
(Table 1).[9c] The cyclization products were obtained in racemic 
form, since capsule I is assembled from achiral building blocks. 
The cyclization behavior of (2E,6E)-FOH has already been 
intensively investigated using regular Lewis or Brønsted acids. In 
these literature experiments, bisabolene (5, Scheme 1b) was 
formed as the dominant species.[7a, 7b] Polycyclic products were 
only obtained in low yields, and as complex mixtures when the 
reprotonation of the monocyclic intermediate was forced under 
harsher acidic conditions.[19] In the present study, the formation of 
polycyclic products was already observed during the initial 
reaction phase. Additionally, the product distribution only changed 
insignificantly as the reaction proceeded. These observations 
indicated that the capsule-catalyzed polycyclization likely did not 
follow a reprotonation mechanism. This, in turn, could indicate a 
better stabilization of the cationic intermediates involved in the 
cyclization cascade within the cavity of the supramolecular 
catalyst. To learn more about the prerequisite for the cyclization 
reaction, a series of control experiments was performed (SI-
chapter 5). When capsule I was omitted, no cyclization reaction 
could be detected under otherwise identical conditions. The same 
was true when capsule I was blocked with an inhibitor (nBu4NBr). 
Replacing I with a closely related hexameric capsule unable to 
stabilize ion pairs[20] also failed to affect any cyclization reaction. 
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Altogether, these experiments strongly indicated that the 
cyclization reaction occurred inside the supramolecular assembly 
I, and that the formation of polycyclic products likely stemmed 
from the free propagation of the positive charge in the 
intermediates due to the cation-π stabilization within capsule I. 
Table 1. Cyclization reaction results of selected acyclic farnesyl 
substrates. Unless otherwise stated, the cyclization reactions 
were performed in CHCl3 with a substrate concentration of 
33.3 mM using 10 mol% I and 3 mol% HCl as the catalysts. n-
Decane was used as the internal standard to quantify the GC-
yields. Given are yields corrected by response factors. a: 
Cyclization reaction was performed with 10 mol% HCl under 
otherwise identical conditions. 
 
The study on sesquiterpene cyclization was then expanded to 
all alkene isomers of farnesol (FOH) and farnesyl acetate (FOAc) 
as well as related substrates (Scheme 2b, SI-Figure 2-10). The 
product distribution of the cyclization reaction was greatly affected 
by the double bond geometry of the substrate. The reaction of 
(2E,6Z)-FOAc yielded mainly δ-selinene (18%) in relatively good 
selectivity (Table 1, entry 4 and SI-Figure 8). The selectivity for δ-
selinene was greatly diminished in the reaction of (2E,6E)-FOAc 
(Table 1, entry 1 and SI-Figure 2). Since δ-selinene is formed via 
an initial 1,10-ring closure, it seems likely that the Z-geometry of 
the internal C6-C7 double bond favors the required substrate 
conformations (Scheme 2c). Interestingly, δ-selinene was absent 
in the product mixtures obtained from (2Z,6E)-FOAc and (2Z,6Z)-
FOAc (Table 1, entries 2-3 and SI-Figure 4/6), indicating that the 
alternative 1,6-cyclization pathway was dominating in these two 
cases (Scheme 2a). The cyclization of bisabolyl acetate (9) 
delivered similar product profiles as the (2Z)-substrates (SI-Figure 
11). This observation supports our conclusion that a 1,6-ring 
closure dominates in the case of the (2Z)-substrates. The 
cyclization reactions of the nerolidyl acetates 10 and 11 (Scheme 
2b) proceeded likely via both cyclization modes, therefore 
delivering complex product mixtures. Compared to its (E)-isomer 
(SI-Figure 9), (6Z)-nerolidyl acetate (SI-Figure 10) produced a 
more pronounced formation of δ-selinene. This is in line with our 
previous observation made with the farnesyl substrates. 
Influence of reaction parameters. The 1,10-cyclization 
pathway was investigated in more detail. It was found that the 
cyclization outcome from (2E,6Z)-FOAc was influenced by the 
reaction parameters. The ratio between δ-selinene (B) and 10-
epi-zonarene (E) was increased with higher amount of HCl (up to 
10 mol%) as the co-catalyst (Table 1, entry 5, Scheme 3b, SI-
Table 1). However, a further increase in the HCl-loading resulted 
in diminished yields (SI-Figure 13). In the proposed mechanism[21] 
for the formation of δ-selinene (Scheme 2c), protonation on the 
C6-C7 double bond of the cyclodecadiene intermediate 16 is 
required to initiate the 2,7-ring closure. This protonation step may 
be facilitated under more acidic conditions, delivering δ-selinene 
as the only major product in useful yields (22%). These optimized 
conditions lead to a more selective cyclization outcome than 
observed with the natural δ-selinene cyclase,[21] as can be seen 
by a visual comparison of the two GC spectra (Scheme 3b vs. 3c). 
In contrast, elevated temperatures shifted the selectivity slightly 
towards 10-epi-zonarene in the reaction of (2E,6Z)-FOAc, while 
not changing the general reaction profile (SI-Figure 14). Although, 
mechanistically, 10-epi-zonarene may arise from both cyclization 
modes,[22] we excluded a switch towards the 1,6-cyclization 
pathway at higher temperature due to the unchanged reaction 
profile. In the case of the 1,10-cyclization pathway, the (2E)-
double bond in the 10-membered ring intermediate 12 
(highlighted in blue in Scheme 2) has to isomerize to its Z-
configuration (highlighted in red in Scheme 2) prior to the final 1,6-
ring closure. This conformational change is likely more facile at 
higher temperature, resulting in a more pronounced formation of 
10-epi-zonarene (SI-Figure 14). We next sought to selectively 
form 10-epi-zonarene. To this end, the cyclization reaction of 
(2E,6E)-FOAc was further examined, since it already favored 10-
epi-zonarene under the standard reaction conditions (Table 1, 
entry 1 and SI-Figure 2). Nevertheless, all attempts to improve the 
yield of E by increasing the reaction temperature and/or reducing 
the HCl-content failed (SI-Figure 12). The failure was likely due to 
two reasons: (1) The 1,10-macrocyclization is impeded due to the 
presence of the E-configured internal double bond. As a result, 
the 1,6-cyclization pathway is competitive. (2) In the 1,10-
cyclization, δ-selinene seems to be the preferred product. 
Consequently, its formation is very hard to suppress. 
Application in total synthesis. We then translated the 
selective cyclization of (2E,6Z)-FOAc into a synthetic application. 
Starting from the commercially available monoterpene nerol (18), 
the isomerically pure cyclization precursor (2E,6Z)-FOAc was 
readily synthesized on a gram scale in a six step-sequence[23] 
(Scheme 3a). After the completion of the cyclization reaction, the 
resorcinarene was removed by an initial column chromatography. 
Subsequent purification of the resulting crude product on AgNO3-
impregnated silica gel enabled the isolation of δ-selinene as a 
pure compound (SI-chapter 4). To the best of our knowledge, this 
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synthetic sequence also constitutes the first total synthesis of the 
sesquiterpene natural product δ-selinene. 
In our initial communication, we reported the cyclization of the 
monocyclic substrate cycloFOAc under the standard reaction  
 
Scheme 2. Proposed mechanism for the cyclization reaction of sesquiterpene substrates (b) catalyzed by capsule I. (a) The cyclization 
reactions of the (2Z)-substrates occur via the 1,6-pathway. (c) The alternative 1,10-cyclization mode is feasible with substrates featuring 
the (2E)-alkene moiety. 
 
Scheme 3. Total synthesis of δ-selinene with the capsule-
catalyzed cyclization reaction as the key step (a). GC-traces of 
the cyclization reaction of (2E,6Z)-FOAc under optimized 
conditions (b). The intensities of the peaks in the gas 
chromatography traces are normalized to an internal standard (for 
full spectra, see SI-Figure 13). (c). The total ion chromatogram of 
the cyclization reaction of farnesyl pyrophosphate with δ-
selinene-synthase.[21] δ-Selinene is labelled as compound 2 in 
Scheme 3c. Compound 1 and 3 are Guaia-6,9-diene and 
Germacrene, respectively (for the structures of 1 and 3, see SI-
Figure 17). Scheme 3c is reproduced with the permission of 
Journal of Biological Chemistry. 
conditions[9c] (Scheme 4a) to deliver the tricyclic sesquiterpene 
natural product isolongifolene (F).[24] The access to δ-selinene 
reported herein represents the first total synthesis of a 
sesquiterpene natural product that is based on the cyclization of 
a linear terpene precursor inside a supramolecular container.  
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  Kinetic investigations. In comparison with the monoterpene 
cyclizations,[9b] we observed a much slower conversion of 
sesquiterpenes inside capsule I. To elucidate the cause of this 
observation, we investigated the kinetics of the cyclization of 
sesquiterpenes by using the initial rate method (Figure 2, SI-
chapter 6). The cyclization of (2E,6Z)-FOAc was selected as the 
model reaction, since it displayed the highest product selectivity. 
Under the standard reaction conditions (10 mol% I and 3 mol% 
HCl), the reaction rate of the sesquiterpene cyclization was 
measured to be first-order in the substrate concentration (Figure 
2a). Activation parameters were obtained by performing the 
cyclization reaction at three different temperatures (30 °C, 40 °C 
and 50 °C). The values for ΔH≠, ΔS≠, ΔG≠ were determined to be 
31.0±0.6 kcal·mol-1, 18.4±2.1 cal·mol-1·K-1 and 25.4±0.1 kcal·mol-
1, respectively (Table 2, entry 31), indicating an entropically 
favored rate-limiting step. Subsequently, all other farnesyl 
isomers, as well as the two cyclofarnesyl substrates were 
investigated in a similar fashion (Table 2, SI-chapter 6). 
 
Scheme 4. Total synthesis of isolongifolenone with the capsule-
catalyzed cyclization reaction as the key step (a). GC-trace of the 
cyclization reaction of cycloFOAc (b). 
Rate-determining step. Similar to the reactions of 
monoterpenes (entries 39 and 40),[9b] the cyclization of (2E,6Z)-
FOAc also featured a positive entropy of activation (Table 2, with 
the exception of entry 32 where a different solvent was utilized, 
see discussion below). In the case of monoterpene cyclizations, 
the positive entropy of activation was attributed to the cleavage of 
the activated leaving group in the rate-determining step of the 
catalytic cycle.[9b] Therefore, a similar rate-limiting step might be 
operational in the sesquiterpene cyclization. However, the rate 
constant determined for (2E,6Z)-FOAc (Table 2, entry 1-3) was 
approximately one order of magnitude smaller than those of 
monoterpene cyclizations (Table 2, entries 25-30). The same was 
true for other alkene isomers of farnesyl acetate and also the 
monocyclic substrates (Table 2, entries 7-21, for details see SI-
chapter 6). We considered two initial hypotheses to rationalize the 
attenuation of the rate constants in the sesquiterpene 
cyclizations: (1) A different cyclization mode. In the concerted 
cyclization mechanism, the cyclization is accompanied by the 
rate-limiting cleavage of the leaving group (f. i. the cyclization of 
neryl acetate, Table 2, entries 28-30 and 40).[9b] Consequently, 
the overall reaction rate is also affected by the ease of the ring 
closure. In monoterpene cyclizations, the initial cyclization is 
limited to the 1,6-ring closure. In the case of sesquiterpenes, 
however, the 1,10-cyclization mode is also feasible. The 
formation of a more strained 10-membered ring could, in principle, 
pose a higher energy barrier than the more facile 1,6-ring closure, 
resulting in a reduced rate constant. However, also the (2Z)-
sesquiterpene substrates that reacted mainly via the 1,6-ring 
closure displayed smaller rate constants (Table 2, entries 10-15). 
(2) Sesquiterpene substrates may display an alternative rate-
determining step. Instead of the cleavage of the leaving group, 
another rate-determining step may be operational in the 
cyclization of sesquiterpene. 
 
 
Figure 2. Kinetic investigation of the cyclization of (2E,6Z)-FOAc. 
(a) The reaction rate was determined to be first-order in the 
substrate concentration. (b) Activation parameters obtained 
indicated that the rate-determining step of the cyclization reaction 
was entropically favorable. 
To learn more about the rate-limiting step, the sesquiterpene 
substrate ext-GOAc (22, Scheme 5a) which is unable to undergo 
a 1,10-ring closure was synthesized and investigated in detail (SI-
chapter 7). Under the standard cyclization conditions, compound 
22 was converted to a major species in relatively good selectivity 
as indicated by gas chromatography analysis (SI-Figure 27). 
Subsequent NMR analysis (SI-Figure 28 and SI-chapter 10) 
revealed that the cyclization behavior of ext-GOAc resembled 
that of geranyl acetate (GOAc), yielding the extended analogue 
(24) of α-terpinene (23) as the dominant cyclization product 
(Scheme 5a). In accordance with the other sesquiterpene 
substrates, the extended analogue of geranyl acetate also 
a 
b 
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exhibited a much smaller rate constant (Table 2, entries 22-24) 
than the monoterpene substrates. This result indicated that the 
energetically more demanding 1,10-cyclization mode was most 
likely not the cause for the slower conversion of sesquiterpenes. 
Additionally, we decided to investigate the secondary kinetic 
isotope effect (KIE). If the cleavage of the leaving group is the 
slowest step, as observed for the monoterpene cyclization, a 
normal secondary KIE should be observed. However, no 
secondary KIE was observed for the sesquiterpene substrate 22 
under the same reaction conditions as employed for monoterpene 
cyclizations. (Scheme 5b). Taken together, these experiments 
provided strong evidence that the cleavage of the leaving group 
is not the rate-limiting step in the sesquiterpene cyclization.
 
Table 2. Summary of activation parameters of the sesquiterpene substrates. The cyclization reactions were performed in CHCl3 with a 
substrate concentration of 33.3 mM using 10 mol% I and 3 mol% HCl as the catalysts. The Gibbs free energies at 303 K are given. The 
values determined with monoterpene substrates[9b] are compared at the bottom of the table. a 1,1,2,2-tetrachloroethane was used the 
solvent instead of CHCl3 (highlighted with a gray box). 
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Scheme 5. Detailed comparison of geranyl acetate (GOAc) and 
its sesquiterpene analogue ext-GOAc concerning the cyclization 
behavior (a), and the kinetic isotope effect observed (b). 
 
The positive entropy of activation determined for the 
sesquiterpene substrates is indicative of a more disordered 
transition state in the rate-determining step as compared to its 
ground state. After having excluded the cleavage of leaving group 
as the rate-determining step, the encapsulation of substrate 
remained the most plausible reaction step with a positive entropy 
of activation. A 1H NMR experiment (SI-Figure 33) suggested that 
the resorcinarene capsule may accommodate approximately 
eight chloroform molecules (each with a molecular volume of 
approx. 72 Å3. For details, see SI-Table 12) in its cavity (1422 Å3). 
According to molecular modelling, the encapsulation of a 
sesquiterpene substrate (292 Å3) would displace approx. four 
chloroform molecules from the cavity of capsule I (SI-Figure 35). 
The resulting increase in entropy (non-encapsulated molecules: 
Δ = +3, SI-Table 12) may explain the higher entropy of activation 
than that observed in the case of monoterpene cyclization. For 
monoterpenes, the entropic gain was attributed to the liberation of  
the leaving group (increase in number of molecules: Δ = +1). 
When the cyclization reaction of (2E,6Z)-FOAc was performed in 
a bulkier solvent (1,1,2,2-tetrachloroethane, 108 Å3), the rate 
constant further decreased (Table 2, entries 4-6), probably due to 
the diminished entropic gain (non-encapsulated molecules: Δ = 
approx. +2). Even a negative value was determined for the 
entropy of activation (ΔS≠= -7.2±0.7 cal·mol-1·K-1, Table 2, entry 
32). Guest exchange in I was proposed to occur via a pentameric 
capsule species featuring a temporary portal created by the 
dissociation of one resorcinarene subunit.[25] The incoming 
substrate may experience a higher conformational restriction at 
the portal when displacing the bulkier solvent molecules 
previously encapsulated by capsule I. In turn, this may 
compensate the entropy gained by the liberation of solvent 
molecules and result in a greatly reduced entropy of activation. 
These results, together with the observed absence of a secondary 
kinetic isotope effect, indicate that the substrate uptake is indeed 
rate-limiting for sesquiterpene cyclizations. 
Summary 
We herein report our detailed studies on the tail-to-head 
sesquiterpene cyclizations catalyzed by the resorcinarene 
capsule. The cyclization reactions were systematically 
investigated by varying the double bond geometry and the leaving 
group of the substrates. The most selective conversion was 
displayed by (2E,6Z)-farnesyl acetate, yielding δ-selinene and 10-
epi-zonarene as the two major products. The selectivity for δ-
selinene could be further improved by increasing the amount of 
the cocatalyst HCl. This resulted in a higher selectivity for the 
formation of δ-selinene than the reaction catalyzed by the 
corresponding natural cyclase. By utilizing the selective 
transformation of (2E,6Z)-FOAc as the key step, the first total 
synthesis of the sesquiterpene natural product δ-selinene was 
achieved. This represents the first total synthesis of a 
sesquiterpene natural product that is based on the cyclization of 
a linear terpene precursor inside a supramolecular catalyst. 
Detailed kinetic investigations of seven substrates were 
performed to elucidate the reaction mechanism. In the cyclization 
of monoterpenes, the reaction rate was determined by the 
cleavage of the leaving group. For sesquiterpene substrates, 
significantly attenuated rate constants, higher entropies of 
activation, and the absence of a secondary kinetic isotope effect 
were observed. These results strongly indicate that the 
encapsulation of substrate is the rate-limiting step for 
sesquiterpene cyclizations.  
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